Myocilin (MYOC) was discovered more than 20 years ago and is the gene whose mutations are most commonly observed in individuals with glaucoma. Despite extensive research efforts, the function of WT MYOC has remained elusive, and how mutant MYOC is linked to glaucoma is unclear. Mutant MYOC is believed to be misfolded within the endoplasmic reticulum, and under normal physiological conditions misfolded MYOC should be retro-translocated to the cytoplasm for degradation. To better understand mutant MYOC pathology, we CRISPRengineered a rat to have a MYOC Y435H substitution that is the equivalent of the pathological human MYOC Y437H mutation. Using this engineered animal model, we discovered that the chaperone ␣B-crystallin (CRYAB) is a MYOC-binding partner and that co-expression of these two proteins increases protein aggregates. Our results suggest that the misfolded mutant MYOC aggregates with cytoplasmic CRYAB and thereby compromises protein clearance mechanisms in trabecular meshwork cells, and this process represents the primary mode of mutant MYOC pathology. We propose a model by which mutant MYOC causes glaucoma, and we propose that therapeutic treatment of patients having a MYOC mutation may focus on disrupting the MYOC-CRYAB complexes.
Myocilin (MYOC) was discovered more than 20 years ago and is the gene whose mutations are most commonly observed in individuals with glaucoma. Despite extensive research efforts, the function of WT MYOC has remained elusive, and how mutant MYOC is linked to glaucoma is unclear. Mutant MYOC is believed to be misfolded within the endoplasmic reticulum, and under normal physiological conditions misfolded MYOC should be retro-translocated to the cytoplasm for degradation. To better understand mutant MYOC pathology, we CRISPRengineered a rat to have a MYOC Y435H substitution that is the equivalent of the pathological human MYOC Y437H mutation. Using this engineered animal model, we discovered that the chaperone ␣B-crystallin (CRYAB) is a MYOC-binding partner and that co-expression of these two proteins increases protein aggregates. Our results suggest that the misfolded mutant MYOC aggregates with cytoplasmic CRYAB and thereby compromises protein clearance mechanisms in trabecular meshwork cells, and this process represents the primary mode of mutant MYOC pathology. We propose a model by which mutant MYOC causes glaucoma, and we propose that therapeutic treatment of patients having a MYOC mutation may focus on disrupting the MYOC-CRYAB complexes.
Primary open-angle glaucoma (POAG) 2 is a multifactorial, chronic condition, and people with glaucoma generally experi-ence a gradual loss of peripheral vision, which is due to the death of retinal ganglion cells (RGCs). The risk of glaucoma increases with age, and glaucoma is a major cause of blindness worldwide with the global patient population in 2020 estimated to be 80 million people (1) . In the United States, more than 80% of the people with glaucoma have POAG (2) and most exhibit elevated (Ͼ21 mm Hg) intraocular pressure (IOP). High IOP is a risk factor for POAG as the optic nerve is very sensitive and can be damaged by high pressure (3) .
Steroid-induced glaucoma constitutes a major subset of glaucoma patients. The first gene with mutations associated with glaucoma was identified at the GLC1A locus on chromosome 1q21-q31 (4, 5) and was called trabecular meshwork-inducible glucocorticoid response (TIGR) because its expression is up-regulated following dexamethasone treatment. The TIGR gene was later renamed to myocilin (MYOC) due to shared identity with myosin (6) . At present, MYOC mutations remain the most common gene mutation found in glaucoma patients (7) . MYOC mutations are found in 2-4% of all POAG patients (8, 9) and over one-third of all patients (10) with juvenile open-angle glaucoma (JOAG). Uniquely, it has been reported that only people that are heterozygous for a MYOC mutation develop glaucoma, although those homozygous do not (11) . The most common MYOC mutation introduces an early stop codon, Q368X, and it is reported in over one-third of glaucoma patients carrying a MYOC mutation (12) . To date, there are Ͼ70 pathological MYOC mutations reported (www.myocilin. com) 3 (92) , and most of these mutations are found in exon 3, which encodes for the C terminus of MYOC. Interestingly, an in vitro observation is that N-terminal pathological MYOC mutants are secreted, although the C-terminal pathological MYOC mutant proteins are not secreted (13, 14) .
Patients with a MYOC mutation are estimated to be 25% younger than the general POAG population (15) , and these patients typically exhibit extremely high IOPs (16) that may not be adequately lowered by current IOP-lowering medica-tions (17, 18) . Penetrance of the MYOC mutant gene in families reported to have a history of glaucoma has been suggested to be as high as 90% (19) ; however, a more recent study suggests that penetrance of a MYOC mutation in the general population is likely much lower (20) . Nevertheless, there remains a large glaucoma patient population with a MYOC mutation, and these patients have a medical need that is not sufficiently met.
In mice, Northern blots have suggested that MYOC has a limited tissue distribution, with transcripts found in eye, skeletal muscle, and heart (21) (22) (23) . Myoc-deficient mice have been created, and these null animals have normal trabecular meshwork (TM) histology and normal IOP, and they do not develop glaucoma (24) . Numerous researchers have attempted to gain understanding of mutant MYOC by creating various MYOC transgenic mice (25) (26) (27) . In all these early transgenic models, no animals showed a statistically-significant IOP elevation. It was later hypothesized that the reason for this lack of a glaucoma phenotype in rodents is because human MYOC has a cryptic C-terminal (ϪSKM) peroxisomal targeting signal (PTS) that is not conserved in MYOC from other species (28) . Support for the PTS theory came from mice that exhibited IOP elevation following ocular injection of CMV-driven human MYOC adenoviruses (28) . Although the SKM sequence is essential for weak binding to peroxisomal targeting signal type 1 receptor (PTSR1), the sequence is not sufficient for peroxisomal import because of the fact that the PTS1 is much longer and is believed to be a dodecamer (29 -31) . Within the PTS1 dodecamer, optimal residues from the tripeptide have been identified at Ϫ2 and Ϫ5 (32) , and these hydrophobic residues are not found in human MYOC. Since publication of the MYOC-PTS hypothesis, the C-terminal structure of human MYOC has been solved, and the SKM signal of MYOC has been found not to be cryptic (33) , thus suggesting that there may be an alternative explanation for the IOP phenotype observed following CMV-MYOC adenovirus injection. More recently, a CMV-driven human MYOC Y437H mutant transgenic mouse line was created and reported to have IOP elevation with notable RGC loss (34) . In this CMV-MYOC-Y437H model, the authors attributed pathology associated with mutant MYOC to endoplasmic reticulum (ER) stress (34) . CMV is a very robust promoter with potential to cause protein overexpression that exceeds any normal or diseased physiological protein expression range. As MYOC is a secreted protein processed in the ER, CMV driving its overexpression should be anticipated to challenge the protein-processing capacity of any cell resulting in up-regulation of ER and ER-associated proteins. Hence, a limitation of robust CMV-driven animal models could be artifacts arising from pronounced overexpression.
The purpose of our work was to enhance biological understanding of mutant MYOC, so we utilized CRISPR technology to engineer a rat to have a pathological MYOC Y435H mutation. The rat MYOC Y435H mutation corresponds to the severe human MYOC Y437H mutation associated with JOAG (8, 35) . By studying mutant MYOC in an in vivo model where expression is physiologically relevant, we were able to discover a novel protein-protein interaction between MYOC and CRYAB. In vitro experiments substantiated the interactions as we found that mutant MYOC can aggregate with CRYAB. Furthermore, to validate findings from our MYOC Y435H rat model, we generated two bacterial artificial chromosome (BAC) transgenic mouse lines, one with expression of human WT MYOC, and the other with the most common pathological human MYOC mutation, Q368X. By discovering the MYOC-CRYAB interaction, our findings provide new insight into how mutant MYOC causes pathology. We propose that targeting/ disrupting the MYOC-CRYAB complex is a therapeutic strategy to maintain proper cell function and ultimately help the glaucoma patient with a MYOC mutation retain their vision and avoid blindness.
Results
As MYOC gene mutations are the most common mutation detected in glaucoma patients, there is substantial interest in understanding the role of MYOC in the eye. By Western blot analysis, human MYOC protein migrates under denaturing conditions slightly greater than 50 kDa and appears as a doublet due to partial N-glycosylation (36) . The basal level of MYOC in human aqueous humor (AH) is low, but it is detectable by Western blotting (Fig. 1A) . The MYOC gene has been reported to be stress-induced (37) and is reported to be higher in glaucomatous eyes compared with nondiseased eyes (14) . By Western blotting, we observed increased MYOC protein in AH collected from cadaver eyes (Fig. 1, A and B) compared with the level observed in AH from living donors. The increased MYOC in cadaver eyes could be due to hypoxia stress and/or due to some cell lysis occurring following death, and this may obscure what would be a higher MYOC level anticipated in glaucoma patient samples. Immunohistochemical (IHC) analyses showed that in human eyes MYOC has the greatest expression throughout the TM tissue ( Fig. 1C ) with lesser amounts observed in the ciliary body and retina ( Fig. S1 ).
CRISPR-engineered MYOC mutant rat
Our CRISPR-engineered MYOC Y435H rat was developed ( Fig. 2A ) and created by Horizon Labs (St. Louis, MO). Offtarget effects of CRISPR are rare, and quality control to ensure integrity of the Myoc gene was completed by Horizon Labs. Sequencing of PCR products (Genewiz, Cambridge, MA) from rat genomic DNA confirmed that the rat model had been successfully generated (Fig. 2B ). Western blot analysis of rat eye limbal ring extracts indicated a band at the expected protein size for monomeric MYOC (Fig. 2C ). Rodent MYOC lacks the glycosylation site found in human MYOC, so no doublet is observed in the Western blottings. The Western blottings do show that expression of soluble MYOC in heterozygote and homozygote CRISPR-engineered rats was similar to that for the WT rats ( Fig. 2 , C and D); hence, our CRISPR-engineered rat model was expressing MYOC protein within a normal physiological range.
IOP for aged cohorts of WT, heterozygous, and homozygous MYOC Y435H rats was monitored for several months (Fig. 3A) . IOP was found not to differ among the animal cohorts based on time of day ( Fig. S2 ). MYOC expression is known to be up-regulated by steroid treatment (38, 39) , and some rat cohorts were treated with prednisolone and their IOP monitored during the 2 months of treatment. Prednisolone treatment resulted in an increase in IOP for all three groups of animals; however, IOP for heterozygote and homozygote animals did not differ significantly from that of the WT rats ( Fig. 3A) . Additionally, when we examined the TM of the animals by H&E, trichrome, and immunohistochemical methods, we did not observe any major differences in outflow pathway morphology nor changes in cytoskeletal and extracellular matrix among the three groups either before ( Fig. 3B ) or after steroid treatment ( Fig. 3B ). Sim-ilar results for IOP and TM histology were observed for another two aged rat cohorts.
Our cumulative findings, including those from Western blot analysis, had suggested that MYOC Y435H heterozygote and homozygote rats are very similar to each other and both had some minor differences when compared with WT rats. As the published literature focuses on human MYOC heterozygote phenotypes, we limited our rat RGC analysis to a comparison of WT and heterozygotes. When retinal structure and function were evaluated in 18-month-old WT and heterozygote rats, no significant differences in retinal thickness (assessed by optical coherence tomography (OCT)) and function, specifically a-and b-wave (assessed by electroretinography (ERG)) were observed between mutant MYOC Y435H heterozygous and WT MYOC animals ( Fig. 4 ).
Dark-adapted ERGs were recorded from mutant MYOC Y435H heterozygous and WT MYOC rats at 18 months of age. In rats, the positive and negative scotopic threshold responses (STR) are primarily generated by ganglion cells with minimal amacrine cell contribution (40) . These responses were assessed using low-intensity stimuli at Ϫ6.0, Ϫ5.5, and Ϫ5.0 log cd⅐s/m 2 . No significant differences in pSTR and nSTR amplitudes were observed between MYOC Y435H heterozygous and WT MYOC rats ( Fig. 4A ) suggesting normal ganglion cell function associated with MYOC Y435H heterozygosity. Photoreceptor function was assessed with a high-intensity 2.2 log cd⅐s/m 2 stimulus ( Fig. 4B ). At high-stimulus intensity the photoreceptor response (a-wave) is primarily rod-dominated with a smaller contribution generated from cone cells (41) . No significant differences in photoreceptor function and on-bipolar cell function (b-wave) were observed between groups ( Fig. 4B ). At 18 months of age, OCT images of the retina were acquired using a spectral domain OCT system. Two b-scans were manually centered on the optic nerve head and acquired in the vertical and horizontal orientations from each eye and assessed for morphological abnormalities (Fig. 4C ). Cell loss was assessed by quantifying retinal thickness between the nerve fiber layer (NFL) and the RPE. OCT scans did not reveal any morphological abnormalities nor cell loss in the mutant MYOC Y435H heterozygous rats ( Fig. 4C ). These results suggest that the presence of mutant MYOC did not adversely impact retina development nor did mutant MYOC cause a loss of RGCs or adversely impact retina function.
MYOC Q368X BAC mice
Findings for mouse mutant Myoc Y423H BAC mice (25) and human mutant MYOC Y437H BAC mice (26, 42) have previously been reported, and the animals exhibited low to no IOP increase. Similarly, we observed no IOP differences between 6and 8-month-old WT mice and MYOC Q368X BAC mice ( Fig.  S3 ) and no morphological abnormalities in the eye. This animal model was utilized to validate findings made in the CRISPRengineered MYOC Y435H rat model ( Fig. S4 ).
CRYAB identified as a MYOC-binding partner
Several studies have been conducted to identify proteinbinding partners for MYOC in the hope of defining a putative function for this protein (43) (44) (45) . To identify proteins of inter- Figure 1 . MYOC protein is found in human AH, and in the eye tissue, the highest MYOC expression is observed in the trabecular meshwork. A, Western blotting for MYOC protein in human AH collected from different living donor eyes as well as from different deceased donor eyes. All AH samples were from donors of a similar elderly age, and no donors had a MYOC mutation. For the Western blotting, 5 g of each sample was loaded per well, and anti-MYOC antibody is from R&D Systems. B, human AH sample Western blots were quantified. Error bars are Ϯ S.D., and * indicates t test p Ͻ 0.05. C, control immunohistochemistry image of the human TM region and an image stained to show MYOC expression (MYOC indicated by the brown color) in the TM region. High expression of MYOC is evident in the TM. MYOC expression was observed in other regions of the eye (Fig. S1 ), but at a lower expression than that observed for the TM. Abbreviations used are as follows: AC, anterior chamber; SC, Schlemm's canal. est potentially associated with MYOC, we completed smallscale proteomic analysis of rat AH. Mass spectrometry (MS) analysis of AH samples collected from heterozygote rats provided evidence that animals with mutant MYOC harbored differences in protein composition from WT animals. MS analysis revealed that the AH from WT animals had higher expression of many crystallin proteins (e.g. CRYAA, CRYAB, CRYBA2, and CRYBB3) compared with animals with mutant MYOC Y435H ( Table 1 ). Next Generation Sequencing data from primary human TM cell lines 4 identified CRYAB as the highest expressed crystallin family member in the TM. Western blot analysis of rat AH samples supported the MS data as WT animals were found to have more soluble CRYAB than animals with a MYOC Y435H mutation ( Fig. 5 , A-D). Additionally, immunocytochemistry staining of TM tissues from 18-month-old WT Figure 3 . Rats with the Myoc Y435H mutation have IOP and TM histology (at 9 months of age) that does not differ from WT rats, and this did not change following prednisolone challenge. A, IOP was monitored in a 4-month-old cohort of 10 WT (wt), 10 heterozygote (Het), and 10 homozygote (Hom) rats before and after implantation of a prednisolone pellet (25 mg for 60 days). Arrow indicates time of implantation. Results are Ϯ S.E. B, top, H&E and trichrome staining of TM of 9-month-old rats that were not treated with prednisolone. Immunohistochemical images for ␣-SMA, COLIV, and FN1 (red color) indicated that the WT rats did not have tissue expression of these proteins that differed from the rats with a Myoc Y435H mutation. Bottom, H&E and trichrome staining of 9-month-old rat eyes from animals treated with prednisolone. Immunohistochemical images for ␣-SMA, COLIV, and FN1 for 9-month-old rats that received prednisolone treatment. Abbreviation used is as follows: SC, Schlemm's canal. Scale bars are 100 m. and mutant MYOC Y435H rats showed more intensive staining of CRYAB in the WT animal ( Fig. 5E ). An immunoprecipitation (IP) experiment revealed that CRYAB bound WT MYOC ( Fig.  5F ). Supporting evidence of a MYOC-CRYAB interaction was observed via an additional IP experiment that was completed using a cell line (G401) that has endogenous expression of both MYOC and CRYAB ( Fig. S5 ). Findings from these IP experiments are important as protein binders to MYOC are poorly defined and tentatively identified binders have lacked validation.
MYOC-CRYAB interaction impedes protein clearance
It has been suggested that mutant MYOC accumulates in the ER and causes pathology because of ER stress (34, 46 -48) . When we examined whole-eye extracts from 18-month-old animals by Western blotting, we observed no up-regulation of proteins indicative of ER stress (i.e. BiP, CALR, PDI, and GRP94), which is in agreement with that previously reported for another mutant MYOC animal model (49) . However, what we did observe by Western blotting was an accumulation of high-molecular weight (HMW) ubiquitinated (Ub) proteins ( Fig. 6, A and B) . This accumulation of HMW ubiquitinated proteins in the rats with the MYOC Y435H mutation suggests that the proteasome and protein clearance mechanisms are not working effectively. To see whether protein clearance was compromised in another mutant MYOC animal model, we examined two MYOC BAC mouse lines. One line is a BAC transgenic with WT human MYOC, whereas the second line is a BAC transgenic with a Q368X point mutation in human MYOC. MYOC was identified in whole-eye extracts using R&D Systems anti-MYOC antibody, which is an antibody that strongly reacts with human MYOC and has weak cross-reaction with mouse MYOC (Fig. S4A ). Western blot analysis of whole-eye extracts from 6-to 8-month-old BAC mice did not show any indication of ER stress. However, the WT MYOC BAC transgenics had a modest increase in soluble CRYAB; in comparison, the mutant MYOC Q368X BAC had less soluble CRYAB and more HMW ubiquitinated proteins (Fig. S4, A and B) . These findings from BAC mice were in agreement with our MYOC Y435H rat model. Therefore, we have myocilin in vivo models that do not show ER stress, but 1) suggest a correlation exists between MYOC and CRYAB; 2) indicate there is an accumulation of HMW ubiquitinated proteins when mutant myocilin is present; and 3) support a hypothesis that mutant myocilin is forming insoluble complexes with CRYAB, which has the potential to compromise protein degradation pathways.
Presence of CRYAB causes an increase in insoluble mutant MYOC
To further test our hypothesis that mutant MYOC forms insoluble complexes with CRYAB, we transiently-transfected NTM5 cells with different MYOC cDNAs Ϯ CRYAB. From our Next Generation Sequencing data 3 for human TM cells as well as from previous Western blottings, we knew that NTM5 cells do not express MYOC or ␣B-CRYAB proteins. As others have reported, WT MYOC is efficiently secreted in vitro, although pathological mutant MYOCs are not (13, 14) . Western blot analysis comparing soluble and insoluble fractions from transfected NTM5 cells indicated that presence of CRYAB results in accumulation of MYOC, especially in the insoluble cellular component (Fig. 7, A and B). Thioflavin T (ThT) staining method can identify misfolded protein aggregates, so we used ThT to stain transfected NTM5 cells. ThT signal was found to be more prominent for mutant MYOC, and the staining was more intense when mutant MYOC was co-transfected with CRYAB ( Fig. 7 , C and D). To confirm that mutant MYOC was in the cytoplasm, we transiently-transfected NTM5 cells with cDNA for mutant MYOC Y437H and used a hypotonic lysis buffer to isolate the cytoplasmic fraction. In this experiment, CALR 
MYOC-CRYAB interaction impedes protein clearance
Western blotting serves as a control indicative of ER lumen proteins. Our results do indicate that mutant MYOC is in the cytoplasm, and the probable reason for this finding is because it is being retro-translocated from the ER to the cytoplasm ( Fig. 8A ) and intended for proteasome degradation.
CRYAB is increased in human glaucoma
CRYAB is a heat-shock protein, so its expression is stressinduced. CRYAB expression has been reported to be elevated in the trabecular meshwork in glaucoma (50), and we wished to verify these published findings. What we observed was that Figure 5 . Soluble CRYAB is reduced in rats with a MYOC Y435H mutation, and MYOC has been found to bind CRYAB. A, representative Western blottings (WB) for CRYAB protein expression in 12-month-old rats indicate that there is more soluble CRYAB detected in WT rat limbal ring lysates compared with MYOC Y435H heterozygote and homozygote rats lysates. 10 g of each sample was loaded per lane. Representative Western blotting is shown. Quantification of Western blottings indicated approximately 1-fold more soluble CRYAB protein in limbal rings from WT mice compared with rats with the MYOC Y435H mutation. Ϯ S.D. is indicated. B, anti-CRYAB rat limbal ring lysate Western blots were quantified. Error bars are Ϯ S.D., and * indicates t test p Ͻ 0.001. C, AH from several different 12-month-old rats were examined for soluble CRYAB protein, and the WT animals had the greatest amount of CRYAB. 10 g of each sample was loaded per lane. Representative Western blotting is shown. D, anti-CRYAB rat AH Western blottings were quantified. Error bars are Ϯ S.D., and * indicates t test, p Ͻ 0.05, and ** indicates t test p ϭ 0.01. E, immunohistochemistry for CRYAB in the trabecular meshwork of 18-month-old WT and heterozygote rats indicates that the WT animals had more detectable CRYAB. F, Western blotting results following immunoprecipitation (IP) indicate that CRYAB binds MYOC. Abbreviations used are as follows: Het, heterozygote; Hom, homozygote; SC, Schlemm's canal; TM, trabecular meshwork; wt, WT.
CRYAB, which can be secreted (51) , is detectable in human AH following the hypoxia and cell death stresses predicted to occur in cadaver tissues (Fig. 8B ). We stained human tissue samples for CRYAB protein and observed much higher CRYAB expression in the TM region of the glaucomatous eye compared with the control (Fig. 8C ). This result was in agreement with the published literature for CRYAB localization in human TM (50) . The highest CRYAB expression in the TM appears to be nearest Schlemm's canal in the juxtacanalicular region, which is the site of greatest AH outflow resistance. High CRYAB expression in the juxtacanalicular region has previously been noted (52) . Therefore, human glaucoma samples show that there are interesting expression correlations between CRYAB and MYOC. Association of MYOC with CRYAB provides a mechanistic understanding as to how mutant MYOC causes glaucoma ( Fig. 9 ).
Discussion
There are limitations to studying glaucoma in rodent models. In particular, humans have a much more abundant (i.e. thicker) 
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TM tissue than rodents (Figs. 1C and 5E). In addition, humans have ϳ95% of their AH exiting the eye through the TM and conventional outflow pathway with only 5% of AH exiting via an unconventional mode (53) . In comparison, rodents have the majority of their AH (21-83% depending upon strain) exiting the eye through an unconventional pathway (54) . These species differences mean that glaucoma pathology may not manifest to the same extent or in a similar relative time in rodents.
Mutant MYOC Y435H rats did not have elevated IOP nor did they have tissue morphology that differed from the WT animals. Similarly, our mutant MYOC Q368X BAC mice did not have an IOP phenotype. MYOC BAC transgenic mice have pre-viously been reported: 1) a transgenic with BAC mouse Myoc Y423H mutation (25) , which corresponds to the pathological human MYOC Y437H mutation, was reported to have an IOP increase of ϳ2 mm Hg (OD BAC IOP of 14.1 Ϯ 0.3 mm Hg versus WT IOP 12.4 Ϯ 0.3 mm Hg); and 2) a transgenic with BAC human MYOC Y437H mutation (26) was reported to have an approximate IOP increase of 2 mm Hg (BAC IOP of 11.8 Ϯ 1.2 mm Hg versus WT IOP 10.0 Ϯ 0.8 mm Hg), but this mean IOP increase for the BAC MYOC Y437H mouse was later not validated (42) . What can be concluded from previously reported BAC myocilin transgenics is that similar results were observed for the animals regardless of whether it was human or mouse gene utilized. Thus, our IOP findings for our MYOC rodent models are in agreement with what has previously been reported for other myocilin transgenics (25) (26) (27) .
Despite the lack of an IOP phenotype, differences among WT and mutant MYOC Y435H rats were found via proteomic analysis of rat AH (Table 1 ). In particular, animals with mutant MYOC Y435H had reduced levels of several crystallin family proteins. Crystallin proteins are highly expressed in the eye where they function as chaperones, protect the cytoskeleton, inhibit apoptosis, enhance resistance of cells to stress, and are neuroprotective (55) . There is established precedence in the literature confirming an association between CRYAB levels and disease with CRYAB showing modified expression in glaucoma models of high IOP (56, 57) . Additionally, analysis of the human vitreous humor proteome found that expression of numerous crystallin family proteins are significantly down-regulated in glaucomatous eyes (58) .
CRYAB is a protein that can be found throughout a cell but also can also be secreted (51) . Within a cell, CRYAB functions as a chaperone, where it assists in protein folding as well as helps to shuttle misfolded proteins to the proteasome for clearance (59) . Using IP, we verified that MYOC binds CRYAB (Fig.  5F ), and we further confirmed this interaction using a cell line that has endogenous expression of both MYOC and CRYAB (Fig. S5 ). In our in vivo mutant MYOC models, we observed a decline in soluble CRYAB protein that was accompanied by an intracellular accumulation of HMW ubiquitinated proteins. Accumulation of HMW-ubiquitinated proteins is suggestive of a compromised proteasome and/or impaired protein clearance mechanisms, both of which can have a chronic effect and will eventually impact cell viability.
Both CRYAB and MYOC are highly expressed in the TM. Normally, these small MYOC-CRYAB protein complexes within the cytoplasm should be effectively cleared by the proteasome; however, under stress conditions, TM cells produce elevated amounts of both MYOC and CRYAB, and protein accumulation may occur. We observed this protein accumulation in NTM5 cells co-transfected with mutant MYOC and CRYAB as evidenced by ThT staining (Fig. 7C ). One function of CRYAB is to inhibit amorphous (disordered) aggregation by participating in amyloid fibril formation that leads to ordered ␤-sheetcontaining aggregates (60) . We postulate that in the short term, binding of MYOC to CRYAB may be beneficial to the TM cell by facilitating a recovery process. Binding of CRYAB to misfolded mutant proteins has been shown to aid in the restoration of cellular homeostasis and even an extended lifespan (61, 62) . However, if the aggregates are not efficiently cleared by the proteasome then the aggregates pose a long-term threat to cell vitality (55) . This idea is supported by the observation that fewer TM cells are present in trabeculectomy samples from mutant MYOC donors (63) .
Protein folding in the ER is not completely efficient (64), so some misfolded WT proteins will normally occur. Misfolded protein is regularly retro-translocated from the ER into the cytoplasm for degradation via a process known as ER-associated degradation (ERAD). ERAD can utilize the ubiquitinproteasome pathway, and MYOC has previously been shown to be cleared by the proteasome (65) . When mutant MYOC is the protein being produced, then large amounts of misfolded MYOC protein will begin to accumulate, and it will associate with CRYAB within the cell. It has been observed that for cytoplasmic aggregates, such as that observed for mutant desmin protein, there is a feedback on ERAD resulting in a mild ER-signaling response (66) . Thus, it is possible that the ER stress response reported by some researchers (34, 67) for mutant MYOC proteins may arise as an artifact of overexpression or as a secondary response to the primary event of cytoplasmic pro- Figure 8 . In human AH samples, CRYAB appears following stress conditions. A, NTM5 cells transiently transfected for 48 h had cytoplasmic proteins isolated by a hypotonic buffer, and MYOC Y437H was found in the cytoplasmic extract. CALR serves as a control indicating no lysis of the ER. B, Western blotting of human donor aqueous humor (10 g per sample) indicates that CRYAB expression in AH is elevated during stress conditions. C, IHC suggests that CRYAB protein (red color) is highly expressed in human glaucoma in the trabecular meshwork nearest Schlemm's canal. Nuclei are indicated by hematoxylin staining.
tein aggregates and inefficient protein clearance. Hence, when protein expression is within physiological relevance, the ER stress is a secondary and not a primary cause of mutant MYOC pathology. Proteins prone to aggregation typically have high ␤-sheet content (68), and MYOC OLF domain is a five-bladed ␤-propeller (33, 69) . It would be interesting to know whether protein aggregation results in glaucoma for other GLC1 proteins (e.g. GLC1G/WDR36 which contains two multibladed ␤-propellers). In addition, it would be interesting to investigate whether protein aggregation and/or CRYAB binding is a universal feature in this multifactorial disease.
Our proposed model for mutant MYOC pathology is supported by published in vivo data. A mouse model with mutant MYOC Y437H expression under control of a lens-specific crystallin promoter (27) was found to develop cataracts by 6 weeks of age, and the lenses of these transgenics eventually ruptured. The lens is extremely enriched in crystallin proteins, so this animal model supports our findings that co-expression of mutant MYOC with CRYAB can adversely impact a cell eventually leading to cell death. Interestingly, CRYAB and MYOC: 1) are expressed in the same limited number of tissues, which include the eye, heart, and skeletal muscle (21, 34, 70) ; 2) both are stressed-induced genes (70); 3) both are up-regulated following steroid (e.g. dexamethasone) treatment (38, 71) ; and 4) both have expression enhanced in the presence of soft substrates/matrices (72) . Extracellular crystallin has been reported to bind dexamethasone (73) , and as both MYOC and CRYAB gene expression are up-regulated by dexamethasone, this potentially identifies a feedback for our MYOC model ( Fig. 9 ).
Current information in the literature that challenges our proposed model for mutant MYOC is a publication that reported that only heterozygotes in a mutant MYOC K423E pedigree, not homozygotes, developed glaucoma (11). This 2-decade-old MYOC publication is the only example in the literature of a hypothetical form of simple inheritance (74) . Since that early MYOC publication, several people homozygous for pathological MYOC mutations have been reported as having glaucoma (63, 75) . In fact, homozygotes for MYOC T377M have a more severe glaucoma phenotype than MYOC T377M heterozygotes (75) . Typically, in the case of a pathological misfolded protein, one would expect that: 1) homozygotes would have a more severe phenotype than heterozygotes; and 2) offspring carrying two pathological variants on opposing alleles would also have a phenotype more severe than heterozygotes with a single mutation. The researchers that reported the MYOC K423E pedigree (11) later acknowledged that a spouse in the K423E pedigree carried mutant MYOC R126W and their blind child, who had the most severe phenotype in the family tree, carried both MYOC variants (76) . In another reported pedigree, individuals that were compound heterozygotes for mutant MYOC Q368X and mutant MYOC T377M were found to have a more severe glaucoma phenotype than people with either mutant alone (77) . Therefore, there are examples in the literature that challenge the idea that homozygotes for mutant MYOC do not manifest glaucoma. Our data from our MYOC Y435H rat model suggest that heterozygote and homozygote rats are more similar to each other and different from the WT animals. One can speculate that the report for the MYOC Figure 9 . Cartoon figure of a cell illustrating simplified mechanism of mutant MYOC-induced glaucoma pathology. Step 1, stresses will result in step 2, activation of MYOC and CRYAB gene expression.
Step 3, WT MYOC (dark green) is synthesized in the ER and is a secreted matricellular protein.
Step 4, in the case of mutant MYOC (red), it is misfolded and will be retro-translocated from the ER to the cytoplasm for clearance by ERAD, which utilizes the proteasome. In the cytoplasm, mutant MYOC can bind CRYAB. Increased stress as well as time/age will result in diminished efficiency of protein clearance, and this will impact ERAD with feedback signaling to the ER occurring so as to mildly increase expression of ER and ERAD proteins to try and correct the problem.
Step 5, with time/age mutant MYOC protein aggregates will accumulate within the cell. These aggregates can compromise cell function and threaten/impact cell viability. Thus, MYOC-induced glaucoma is a protein misfolding disease, and pathology occurs in a manner similar to other aging diseases.
Step 6, outside the cell WT MYOC likely acts as a matricellular protein and may have other functions, but additional research is required. Crystallin has been reported (73) to bind and inhibit dexamethasone. Abbreviation used is as follows: DEX, dexamethasone. K423E homozygotes was at an age before the glaucoma disease onset; alternatively, there may be a MYOC gene penetrance variable to consider and/or external stress factor(s) needed to enhance MYOC gene expression to manifest glaucoma.
Protein aggregates can initiate cell dysfunction to impact cell viability (60) , and aggregates are well-established as a factor in several age-related diseases (60, 78) . Interestingly, patients with Alzheimer's disease have a higher risk of glaucoma, and optic nerve changes have also been shown in patients with Parkinson's disease (79) . The predominant current hypothesis is that mutant MYOC causes glaucoma pathology through a mechanism involving intracellular accumulation of misfolded protein (47, 80) . Herein, we have identified CRYAB as a MYOC binder. We show that severity of aggregates is enhanced when the two proteins are co-expressed. Changes to the level of available CRYAB can cause cell dysfunction by compromising efficiency of the ubiquitin-proteasome pathway (70) . Aggregation of CRYAB with MYOC also prevents CRYAB from performing its numerous normal essential cellular functions, which include 1) a chaperone (55, 59) ; 2) a protein important for inhibiting apoptosis (81); and 3) a protein providing neuroprotection (82) . Thus, intracellular binding of MYOC to CRYAB will impact cell homeostasis, and the aggregates could cause disease development and/or progression.
Up-regulation and aggregation of WT MYOC has been reported in other glaucoma subtypes, and this suggests broader relevance of misfolded MYOC across the disease spectrum (80) . To date, methods to target misfolded MYOC have focused on MYOC in the ER (80), but a limitation to this strategy is that it does not address aggregation of MYOC in the cytoplasm. The relevance of our identification of the MYOC-CRYAB interaction is that it supports therapeutic approaches to prevent cytoplasmic MYOC aggregates that compromise the ERAD pathway. We postulate that disruption of the MYOC-CRYAB interaction will assist in protein clearance thus preventing TM cell dysfunction and the resulting cell death that occurs in glaucoma. A compound that targets CRYAB has been reported (84), and future research may involve studying the application of this or other CRYAB-targeting compounds in a model that is representative of the patient with a pathological MYOC mutation.
POAG is a disease associated with aging. Many aging diseases, such as Alzheimer's, Parkinson's, and Huntington's, have pathology attributed to chronic accumulation of misfolded proteins that will eventually compromise cell function and viability. Our finding that MYOC binds CRYAB adds to the biological understanding how pathological MYOC mutations cause glaucoma. As rodents have a much smaller TM region than humans, the majority of their AH exiting via an unconventional pathway, and only an approximate 2-year life span, it can be concluded that no currently available rodent model ideally represents the chronic nature of human POAG. As such, all current in vitro and in vivo myocilin rodent models for POAG have limitations. An effort to establish or identify an in vivo model that better resembles human POAG is paramount to advancing the development of novel glaucoma treatments to directly modify disease pathology. The application of CRISPR/ Cas9 technology provides researchers with new opportunities to develop these novel in vitro and in vivo models to better study MYOC and its role in POAG.
Two decades post-discovery, MYOC remains a fascinating gene that is strongly-associated with glaucoma. We propose that targeting MYOC at a transcriptional or transcript level to reduce the amount of MYOC protein or, alternatively, a low molecular weight compound that reduces MYOC-CRYAB protein complexes/aggregates may be potential therapeutic approaches. Discovery of the MYOC-CRYAB complex provides new insight as to how mutant MYOC is causing pathology via the removal of CRYAB from performing its many prosurvival cellular functions. It is hoped that identification of this complex will assist in facilitating a treatment strategy to help the patient with a pathological MYOC mutation so that these patients may retain their vision and maintain quality of life.
Materials and methods

Human samples
Human samples were obtained with consent from regional donor eye banks. AH from living donors was collected during cataract surgery and immediately frozen, while AH and tissues collected from cadaver donor eyes were collected Ͻ12 h post mortem and immediately frozen upon isolation. All human samples were stored at Ϫ80°C until use. Medical histories provided patient information. All human samples were from donors of a similar elderly age. Note that none of the human donors had a MYOC mutation.
Animal models
All procedures in this investigation conformed to the Association for Research in Vision and Ophthalmology (ARVO) resolution on the Use of Animals in Ophthalmic and Vision Research and were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at Novartis Institutes for Biomedical Research. Animals were housed in rooms in which the temperature, humidity, and lighting (12:12 h light/ dark cycle) were controlled, and water and food were available ad libitum. When animal tissues samples were collected, they were immediately frozen and then stored at Ϫ80°C until used.
CRIPSR-engineered MYOC Y435H mice
CRISPR-engineered Sprague-Dawley MYOC Y435H rats were created by Horizon Labs (St. Louis, MO), and the Myoc gene was sequenced to ensure only the single mutation was introduced. To identify the rats as WT (native), heterozygote, or homozygote for the MYOC Y435H mutation, genomic DNA was isolated from tail clippings. Tails were digested in 1ϫ Tail Buffer (10 mM Tris, pH 8; 2.5 mM EDTA; 100 mM NaCl; 0.1% SDS) with proteinase K (10 mg/ml) added. Genomic DNA was purified by a single precipitation step using phenol/chloroform/isoamyl. The isolated genomic DNA was amplified by PCR using rat Myoc primers (forward: 5Ј-ctgtggatgagagcggcctc-3Ј, and reverse: 5Ј-gtgaccatgttgaagttgtcc-3Ј). For PCR, GeneChoice polymerase (Apex, 42-409R) and a C1000 Touch TM thermal cycler (Bio-Rad, 52°C annealing and 72°C extension temperatures) were utilized. PCR products (343 bp) were gel-purified from 0.8% agarose/1ϫ TAE gels using a gel
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purification kit (Qiagen, 28704) according to the manufacturer's instructions. Sequencing was completed by GeneWiz (Cambridge, MA) using the forward Myoc primer. Animals were born at expected Mendelian frequencies, and no breeding or viability issues were noted. All experimental animals were obtained from heterozygote breeding pairs.
MYOC WT BAC and MYOC Q368X BAC mice
BAC containing the human MYOC gene (RP11-1152G22) was used to generate the transgenic mouse lines. This BAC contains the entire MYOC coding sequence, with 68-kb 5Ј-and 51-kb 3Ј-flanking sequences. Modification of the BAC to introduce the CϾT mutation at position 1102 of the coding sequence was performed by GeneBridges (Heidelberg, Germany). Purified BAC constructs were injected into the pronuclei of C57BL/6J mice. The resulting offspring were screened by PCR to identify transgenic founders, and one founder for each of the WT BAC and mutant BAC was used to establish transgenic lines. No breeding complications or viability issues were noted for any of the mice.
Measurement of conscious IOP
Animals underwent training of conscious IOP measurement for more than 3 weeks. IOP was measured with a TonoLab rebound tonometer (Colonial Medical Supply, Franconia, NH) twice per week at the same time each mid-day. Ten measurements deemed reliable by internal software were utilized to generate and display an average. An average of these readings was then calculated and reported as mean IOP Ϯ S.E. The normal variability expected for multiple examiners using tonometers is ϳ1 mm Hg (85).
Implantation of prednisolone or placebo pellet
IOP was monitored in the rat cohorts before and after prednisolone challenge. Each animal cohort consisted of 10 WT, 10 heterozygote, and 10 homozygote animals. Pellets were ordered from Innovative Research of America (Sarasota, FL), and the prednisolone pellet was 25 mg ϫ 60 days releasing. Animals were anesthetized with an i.p. injection of a mixture of ketamine (35 mg/kg) and xylazine (5 mg/kg). Subcutaneous implantation was conducted via small incision in the dorsal neck area. RT-PCR using Myoc rat primers (ThermoFisher Scientific, Rn00578382_m1) suggested that Myoc transcript increased up to six times with prednisolone treatment.
Electroretinography methods
Electroretinography (ERG) was performed using the Espion TM E3 system (Diagnosys LLC, Lowell, MA) equipped with dual Colordome Ganzfeld stimulators. ERGs were acquired from Sprague-Dawley MYOC Y435H rats (n ϭ 9) and WT Sprague-Dawley rats (n ϭ 6). Preceding the recording, the animals were dark-adapted overnight in a ventilated light-tight enclosure (Phenome Technologies) for at least 18 h. Pupils were dilated using 1-2 drops of 1.0% cyclopentolate hydrochloride (Alcon) and 1-2 drops of 2.5% phenylephrine hydrochloride (Akorn). Proparacaine 0.5% (Akorn) was applied topically as a local anesthetic. Rats were subsequently anesthetized with an intraperitoneal injection of a ketamine/xylazine mixture (75.0:5.0 mg/kg) and positioned on a warm-water heating pad during the recording. Corneal hydration was maintained through application of 1.0% carboxymethylcellulose lubricating drops (Ther-aTears, Akorn). ERGs were recorded using a gold loop contact lens electrode (LKC, part no. R275) referenced to a gold nasopharyngeal electrode (Natus Technologies, F-ERG-G) placed in the mouth. A 30-gauge platinum electrode was inserted subcutaneously in the tail to ground the recording. All procedures were performed under dim red illumination (Ͼ650 nm). The scotopic threshold responses were elicited with Ϫ6.0, Ϫ5.5, and Ϫ5.0 log cd⅐s/m 2 flash luminance (50 replicate flashes, 2-s interstimulus interval). Photoreceptor (a-wave) and on-bipolar cell function (b-wave) were assessed by a single 2.2 log cd⅐s/m 2 high luminance stimulus. ERG traces were analyzed using a customized script written in MATLAB (Mathworks, Natick, MA). Data quantification and statistical analysis were performed using GraphPad Prism (Version 7).
OCT
Ocular imaging was performed using a spectral domain OCT imaging system (Leica Microsystems, Bioptigen Envisu R2210). Anesthesia and pupil dilation were performed as stated in the ERG protocol. Corneal hydration was maintained through application of 0.3% hypromellose lubricating drops (Alcon). OCT b-scans centered on the optic nerve were acquired in the inferior-superior (vertical scan) and nasal-temporal (horizontal scan) directions from each eye. Ten 1.8-mm b-scans were acquired at each position and then subsequently aligned and averaged for analysis. Retinal thickness assessments were performed using a custom code developed in MATLAB (Mathworks Release 2016a). The central 200-m centered on the optic nerve head was excluded from the thickness measurements to avoid alignment variability observed near the optic nerve. Total retinal thickness measurements were performed manually by delineating the NFL and RPE/Bruch's membrane. Retinal thickness measurements from both eyes were averaged for each animal. Statistical analysis and graphing were performed using GraphPad Prism (Version 7).
Histology
Human anterior segments, rat eyes, and mouse eyes were all fixed in 10% neutral-buffered formalin for 3-4 days (human and rat) and 2 days (mouse). The tissues were processed for paraffin embedding in Tissue-Tek VIP and Tissue-Tek Tec (Sakura). Paraffin blocks were sectioned (5 m) and mounted to slides (Superfrost Plus, ThermoFisher Scientific). Slides from each eye were treated with antibody and/or stained with H&E or trichrome in accordance with auto-staining machine protocols (Tissue-Tek Prisma, Sakura).
Immunohistochemistry was run on LeicaBond Rx IHC/ISH slide staining system. Slides were treated by heat-induced epitope retrieval ER2 (pH 9.0, AR9640) for 20 min. Primary antibodies were incubated for 30 min. Specifically bound antibodies were visualized using Bond Polymer Refine Detection System (Leica, DS9390). Finally, stained slides were covered and scanned into Aperio AT2 slide scanner (Leica).
Primary antibodies and working concentrations were as follows: 1) rabbit anti-MYOC 0.2 g/ml (Sigma, HPA027364); 2) mouse anti-CRYAB 0.2 g/ml (Abcam, ab13496); 3) mouse ␣-smooth muscle actin (␣-SMA) 1 g/ml (Abcam, ab7817); 4) rabbit anti-collagen IV (COLIV) 2 g/ml (Millipore, AB756p, 1 mg/ml); and 5) rabbit anti-fibronectin (FN1) 0.18 g/ml (Proteintech, 15613-1-AP).
In vitro experiments
An immortalized human normal trabecular meshwork cell line 5 (NTM5) was utilized, and this cell line has previously been described (86) . MYOC is a protein whose expression in primary cells declines with culture time (87) . Additionally, NTM5 cells no longer express MYOC protein nor is the MYOC protein level in NTM5 cells impacted by dexamethasone treatment. NTM5 cells were grown in 10-cm culture dishes in a 37°C incubator with 90% relative humidity and 5% CO 2 . Cell media used for NTM5 cells were DMEM (Gibco, 1199-065) supplemented with 10% FBS (Gibco, 10082147) and 1% penicillin/streptomycin (Gibco, 15140-122) . NTM5 cells at 70 -80% confluence were transiently transfected with plasmids (6 g of total cDNA per 10-cm plate) using FuGENE 6 transfection reagent (Promega, E2691). Human MYOC plasmids were all in the same vector, which had a minimal CMV promoter. CMV-MYOC plasmid cDNAs had been created and sequences confirmed by GeneWiz. One plasmid contained cDNA for WT untagged MYOC (accession no. NM_000261), and the other plasmids had cDNA for mutant MYOC with either the Y437H mutation or Q368X mutation. Additional plasmids included human CRYAB (Origene, RC202718; accession no. NM_001885). All plasmids had been purified using a Qiagen plasmid maxi kit (Qiagen, 12163), and for transfections FuGENE 6 was utilized at a 5:1 ratio with the cDNA. 48 h post-transfection, cells were washed with 1ϫ PBS (Gibco, 20012-027) and lysed on ice using a RIPA buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA (pH 8.0), 1 mM EGTA (pH 8.0), 0.1% SDS, 1% Triton X-100, 0.5% sodium deoxycholate, 1 mM DTT) with Complete protease inhibitors (Roche Applied Science, 11873580001). Cell debris was removed by cold centrifugation (Eppendorf 5810R), and the soluble cell lysates in the supernatant were retained. Protein assay (Bio-Rad DC kit, 500-0113, 500-0114, and 500-0115) was completed in accordance with the manufacturer's instructions using a Tecan Infinite M1000 plate reader with Tecan i-Control 3.1.9.0 software.
To protein samples, 5ϫ SDS loading buffer (0.25 M Tris (pH 7.0), 40% glycerol, 8% SDS, 20% ␤-mercaptoethanol, 0.1% bromphenol blue) was added, and Western blot analysis was completed using 10% SDS-polyacrylamide gels (Bio-Rad Mini-PROTEAN TGX gels, 456-1034) in the Bio-Rad Mini-Protean Tetra System followed by wet transfer to polyvinylidene difluoride membranes (Millipore, IPVH00010). Membranes were blocked using a solution of 5% powdered nonfat milk in 1ϫ TBS-T. Membranes were treated with primary antibody (1:1000 in a solution of 1% nonfat milk and 1ϫ TBS-T) with gentle rocking overnight at 4°C. After incubation in primary antibody, membranes were washed with 1ϫ TBS-T followed by 90-min room temperature incubation with species-appropriate AP-conjugated secondary antibody (Abcam). Following 1ϫ TBS-T washes, membranes were exposed to ECF substrate (VWR, RPN5785) and imaged using a Bio-Rad GelDoc XRϩ Imaging System with ImageLab 5.2.1 software. Quantification of Western blots was performing using the GelDoc software.
Isolation of in vitro protein fractions
NTM5 cells in 10-cm culture dishes were transiently transfected with FuGENE 6 as described. The control vector was CMV-Tag1 (Agilent, 211170), and the CMV-MYOC plasmid cDNAs had been created by GeneWiz. 24 h post-transfection, cells were washed five times with 1ϫ PBS, and 10 ml of serumfree DMEM was added to each plate. 48 h post-transfection, cell fractions were harvested. For isolation of secreted in vitro protein, serum-free media were collected and centrifuged at room temperature for 5 min at 1000 rpm to pellet any debris. Supernatants were retained, and then samples were concentrated 100ϫ using cold centrifugation and Ambion Ultra-4 Centrifugal Filters (Millipore, UFC801008). Protein concentration was determined by the Bio-Rad DC protein assay, and samples were analyzed by Western blotting. For Western blotting, 5ϫ SDS loading buffer was added to each sample. For isolation of soluble cell lysates, a minimal amount of RIPA buffer with protease inhibitors was added to each plate, and the plates were placed on ice for 10 min. Cells were scraped from the plates using a cell scraper (Corning, 3008), and the samples were transferred to pre-chilled tubes. Tubes were centrifuged at 4°C for 10 min at 7500 rpm. The supernatant (soluble fraction) was isolated and saved in tubes on ice, and the pellet was processed as described below. Bio-Rad DC protein assay of the soluble samples was completed. 5ϫ SDS loading buffer was added to each sample, and samples were placed in a boiling water bath for 5 min. For isolation of insoluble cell lysates to the pellet of each sample, 250 l of RIPA buffer with protease inhibitors was added, and these samples were briefly sonicated three times (Misonix XL-2000, 7 V). 100 l of 5ϫ SDS loading buffer was added to each of these samples, and the tubes were placed in a boiling water bath for 5 min. RIPA buffer was added to the insoluble samples to equalize the volume to that in the soluble fractions.
Isolation of in vivo protein
Tissue harvested from animals was minced with scissors and homogenized (Omni Tissue Master 125 Homogenizer, Omni International) in the RIPA buffer with Complete protease inhibitors (Roche Applied Science). The tissue samples were sonicated using a Misonix Sonicator XL-2000 series with ultrasonic converter (Serial C6498) set at power setting 1 (5 V). Samples were cold-centrifuged and supernatants saved. Sample protein concentration was determined by the Bio-Rad DC protein assay. For Western blotting, 5ϫ SDS loading buffer was added to each sample, and samples were placed in a boiling water bath for 5 min before being loaded into wells of 10% SDS-polyacrylamide gels.
Antibodies
All primary antibodies were from commercial sources. With the exception of anti-GAPDH (1:10,000), and unless otherwise mentioned, all primary antibodies for Western blotting application were typically utilized at a 1:1000 dilution in 1% nonfat milk and 1ϫ TBS-T. All primary antibody incubations were overnight at 4°C with gentle rocking. Primary antibodies uti-
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lized in this study for Western blotting and for histology applications were as follows: ARMET (Abcam, ab126321), BIP (Cell Signaling Technology, 3183S), CALR (Cell Signaling Technology, 2891S), CRYAB (Abcam 76467), CRYAB for IP (Cell Signaling Technology, 45844), FLAG (Sigma, F1804), GAPDH (Fitzgerald, 10R-G109a; 1:10,000), GRP94 (Cell Signaling Technology, 2104S), MYOC (Acris, AP10162PU-N), MYOC (Origene, TA323708), MYOC (R&D Systems, AF2537; 1 g/l), MYOC (Sigma, HPA027364), and ubiquitin (Abcam, ab134953). For Western blotting, all secondary antibodies were AP-conjugated and were utilized at a 1:2000 dilution in 1% nonfat milk and 1ϫ TBS-T. All secondary antibodies were purchased from Abcam (ab97107, ab97237, and ab6722). As a Western blotting loading control, membranes were stripped according to the manufacturer's instructions using 1ϫ Strong Stripping Buffer (Millipore, 2504) and after blocking in a 5% nonfat milk, 1ϫ TBS-T solution, the membranes were treated with anti-GAPDH.
Gel LC MS-MS analysis of rat aqueous humor
Upon separation of pooled rat aqueous humor samples by SDS-PAGE and staining with SimplyBlue (Invitrogen, LC6065), protein bands were excised from gels and subjected to trypsin digestion. Trypsin digestion was performed according to standard procedures (88) . Briefly, the gel pieces were dehydrated with acetonitrile (ThermoFisher Scientific) and rehydrated with 100 mM NH 4 HCO 3 buffer containing 10 mM DTT (Ther-moFisher Scientific) to reduce disulfide bonds. Gel pieces were treated with 100 mM NH 4 HCO 3 buffer containing 20 mM iodoacetamide (ThermoFisher Scientific) to alkylate cysteines. After two rounds of dehydration with acetonitrile and rehydration with 100 mM NH 4 HCO 3 buffer, the dried gel pieces were rehydrated with 20 ng/l trypsin sequencing grade (Roche Applied Science) in 50 mM NH 4 HCO 3 buffer and incubated overnight at 37°C. Peptides were extracted with 75% acetonitrile, 0.1% formic acid and dried in a vacuum centrifuge. Samples were resuspended in 5% acetonitrile, 0.1% formic acid and introduced to an Orbitrap Fusion Lumos (ThermoFisher Scientific) using an EASY nano-LC1200 system (ThermoFisher Scientific) with an analytical column packed with a 0.075 ϫ 200 mm ReproSil-Pur C18-AQ, 3 m (Dr. Maisch, Ammerbuch, Germany).
MS and tandem MS/MS spectra were performed on an Orbitrap Fusion Lumos mass spectrometer operated on datadependent acquisition mode. Survey MS1 scans were acquired in the Orbitrap using a 350 -1400 m/z range at 120,000 resolution. The most intense ions per survey scan (top speed mode), rising above threshold, were selected for HCD fragmentation, and the resulting fragments were analyzed in the Orbitrap. Proteome Discoverer software suite (Version 2.1, ThermoFisher Scientific) was used for peptide identification. The data were searched against the UniProt rat database (Version Nov., 2015) . At the MS1 level, a precursor ion mass tolerance of 10 ppm was used, and up to three missed cleavages were allowed. The fragment ion mass tolerance was set to 20 millimass units (mmu) for the Orbitrap MS/MS detection methods. Oxidation of methionine was defined as a variable modification, and carbamidomethylation on cysteines was defined as a fixed mod-ification. False discovery rate in peptide identification was limited to a maximum of 0.01 by using a decoy database. Abundance data were retrieved from the "Precursor ion area detector" node from Proteome Discoverer (Version 2.0) using 2 ppm mass tolerance for the peptide extracted ion current.
Immunoprecipitation
NTM5 cells were grown in 10-cm culture dishes and were transiently transfected. Plasmid cDNAs utilized were for WT untagged MYOC (accession no. NM_000261) and CRYAB-FLAG (Origene, RC202718, accession number NM_001885), and the control vector was pCMV-Tag1. 24 h post-transfection, plates of transfected cells were washed five times with 1ϫ PBS, and 10 ml of serum-free DMEM was added to each plate. 48 h post-transfection, the media were collected from these plates and concentrated to 100ϫ using Ambion filter units. Similar media samples were pooled, and protein concentration was determined by the Bio-Rad DC protein assay.
48 h post-transfection, the NTM5 cells were washed with 1ϫ PBS and then 250 l of IP buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100) with Roche Applied Science Complete protease inhibitors was added to each plate for 10-min incubation on ice. Cell lysates were transferred into tubes and sonicated once at power setting 1 (5 V) for 15 s. Tubes were then centrifuged at 7500 rpm at 4°C for 10 min, and the supernatants were transferred to new pre-chilled tubes. Similar samples were pooled, and Bio-Rad DC protein assay was completed. 50 l of anti-FLAG antibody was added to each tube, and tubes were incubated overnight at 4°C with gentle rotation. Later, 40 l of Pierce protein A/G-agarose (ThermoFisher Scientific, 20241) beads were added to each tube for a 90-min incubation at 4°C with gentle rotation. Using the cold centrifuge (1000 ϫ g at 4°C for 3 min), samples were gently centrifuged to pellet the A/G beads. Beads were washed five times with the IP buffer, and then 15 l of 5ϫ SDS loading buffer added. Sample tubes were placed in a boiling water bath for 5 min and then centrifuged at room temperature at 13,000 rpm for 3 min. The supernatant was retained for Western blot analysis. This IP protocol is a modified version of that provided by Cell Signaling Technology for native proteins.
The Broad Institute Cancer Cell Library Encyclopedia was searched to identify immortalized human cell lines with high transcript levels of both MYOC and CRYAB (https://portals. broadinstitute.org/ccle). 3 Two soft tissue cell lines were identified ( Fig. S5A ) from the CCLE of which the G401 cell line was chosen for IP experiments. G401 cells were grown in McCoy's 5A media (Gibco, 16600082) supplemented with 10% FBS. G401 cells were not transfected, and cell lysates and cell media were independently isolated and utilized for IP, as described above, but IP was performed using an anti-CRYAB mAb (Cell Signaling Technology, 45844). For this IP, the reaction tubes were ϩ/Ϫ G401 conditioned media as this is the primary location of the majority of WT MYOC.
Isolation of cytoplasmic-only proteins
NTM5 cells were transfected with a control vector (pCMV-Tag1) or a CMV-MYOC Y437H plasmid. 48 h post-transfec-
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tion, plates of cells were washed three times with 1ϫ PBS. To each plate, 125 l of Hypotonic lysis buffer (Sigma, ER0100) containing Roche Applied Science Complete protease inhibitors and 1 mM DTT was added for a 10-min incubation on ice. Cells were scraped from the plates and transferred into tubes that were then frozen on dry ice. Tubes were thawed, and following hard vortexing, the tubes were centrifuged at 7500 rpm at 4°C for 5 min. The supernatant was transferred to a new tube, and the Bio-Rad DC protein assay completed. Samples were analyzed by Western blotting.
Thioflavin T staining
NTM5 cells were plated in Lab-Tek II chamber slides (Lab-Tek, 154461) and 24 h later transfected using FuGENE 6 (Promega, E2691) transfection reagent and maxi prep plasmids. 72 h post-transfection, cells were fixed using 4% paraformaldehyde solution. A 1% ThT solution (Sigma, T3516) was added to chamber slides for a 45-min incubation at room temperature. Following 1ϫ PBS washes, a DAPI solution (Molecular Probes, D1306) was applied for 30 min. After additional 1ϫ PBS washes, a coverslip was applied using VectaShield Hardmount (Vector Labs, H-1400). Slides were imaged using a Nikon BX-21 fluorescent microscope fitted with a ϫ40 objective.
Note that a limitation to ThT staining is that it cannot differentiate oligomeric intermediates (89) . Additionally, disease severity does not necessarily correlate with the amount of amyloid deposition as small oligomers are also predicted to be highly toxic to cells (90) . As ThT staining depends on the surface charge of the fiber (60), the staining intensity is influenced by exposed surface areas. Thus, a limitation to ThT staining is that it will predominantly stain aggregated proteins in which the protein precipitated state is highly ordered, and ThT may not be capable of staining aggregates formed by the amorphous aggregation pathway (91). Despite these drawbacks to the staining method, ThT does show excellent linearity between fibril concentration and ThT emission intensity (91). Amyloid staining is best viewed using transmission EM (91), but other microscopy methods can be utilized (83) . Benefits of ThT staining surpass its limitations making ThT the "gold standard" for identifying amyloid fibrils (91).
